Introduction
============

The preliminary goal of assisted reproductive technologies (ART) such as multiple ovulation embryo transfer and *in vitro* production (IVP) of embryos is to rapidly gain genetic improvement of livestock \[[@B12],[@B28]\]. More recently, ART has been used for the conservation of endangered species \[[@B32]\], stem cell research \[[@B27]\] and genetic improvement. In addition, the production of large numbers of IVP embryos in an animal can increase the understanding of basic biological processes such as the endocrine control of oocyte maturation and embryo implantation or the molecular switches and metabolic pathways regulating early embryo development \[[@B12]\].

The IVP comprises three inevitable processes, *in vitro* maturation (IVM), *in vitro* fertilization (IVF) and *in vitro* culture. Maturation of mammalian oocytes is defined as the sequence of events occurring from the germinal vesicle stage to completion of the second meiotic division with formation of the first polar body \[[@B33]\]. The importance of oocyte quality, one of the most important intrinsic factors involved in the developmental competence of embryos, might be more appropriate to determine the oocyte\'s nuclear and cytoplasmic maturation, which are attained during its growth in the follicle \[[@B45]\]. A competent oocyte is by definition able to sustain embryonic development to term \[[@B13]\]. Nuclear maturation is characterized by the oocyte\'s ability to resume meiotic division up to metaphase II during IVM. Nuclear maturation can be visualized by the extrusion of the first polar body and the appearance of the metaphase plate using a nuclear staining technique such as Hoechst 33342 \[[@B42]\] or orcein \[[@B26],[@B47]\]. Cytoplasmic maturation is dictated by the entire array of maternal mRNAs, proteins, substrates, nutrients and mitochondrial accumulation in the ooplasm during folliculogenesis \[[@B4],[@B13],[@B53]\]. Importantly, cytoplasmic maturation enables the oocytes to control the first cleavage divisions until the embryonic genome is activated and takes over this responsibility \[[@B9]\]. Follicular diameter \[[@B8],[@B29],[@B40]\], follicle status \[[@B49]\], oocyte diameter \[[@B8],[@B37]\], cumulus morphology \[[@B56]\] and reproductive status of animals \[[@B49]\] are some factors that have been linked to the maturational competence of oocytes and have therefore been proposed as selection criteria for oocyte quality. Good quality oocytes are indeed competent for fertilization and embryo production *in vitro*. In the quest for good quality oocytes Wright et al. \[[@B54]\] showed that pubertal ewe oocytes are superior to prepubertal oocytes for fertilization both *in vivo* and *in vitro*. Similarly, pubertal oocytes were found to be of superior quality when compared to prepubertal oocytes in cows \[[@B22],[@B29]\].

However, data regarding oocyte retrieval, IVM and IVF are lacking in black Bengal goats in Bangladesh. To the best of our knowledge, only Islam et al. \[[@B18]\] conducted a qualitative assessment of ovaries from black Bengal goats obtained in a slaughterhouse and the oocytes recovery rate. Therefore, we evaluated the oocyte retrieval rate, IVM and IVF potential of prepubertal and pubertal oocytes from black Bengal goats prior before implementing *in vitro* embryo production.

Different sperm preparation techniques are used in ART to separate spermatozoa with normal appearance and higher motility \[[@B5]\]. In cattle, it has been shown that sperm preparation techniques increased sperm motility \[[@B39]\] and fertilization rates \[[@B38]\]. Additionally, treatment of sperm with ionomycin at different concentrations increases the fertilization rate in goats \[[@B52]\]. Moreover, heparin is widely used for capacitation of spermatozoa in cattle IVF. This indicates the importance of capacitation agents for successful IVF in many species. Hence, in this study, we attempted to identify a suitable sperm separation method for preparation of spermatozoa and to select an agent for capacitation of spermatozoa to improve the potential for fertilization of black Bengal goats.

Materials and Methods
=====================

Chemicals and reagents
----------------------

All chemicals, reagents, media, biologics and media constituents were purchased from Sigma-Aldrich Chemicals, USA, unless otherwise stated. All maturation and fertilization media were filtered with membrane filter (0.22 µm pore size; Millipore, Ireland) and routinely equilibrated at 39℃ under 5% CO~2~ in humidified air for at least 1 h prior to use.

Collection of ovaries and oocytes recovery
------------------------------------------

Goat ovaries were collected at a slaughterhouse and transported to the laboratory in a thermo flask containing warm physiological saline (35℃, 0.9% sodium chloride solution, w/v) supplemented with penicillin-streptomycin (125 µg/mL Streptopen; Renata Bangladesh, Bangladesh) within 2 h of slaughtering the animal. In the laboratory, the ovaries were rinsed 3 times in physiological saline at 35℃. Follicular fluid was then aspirated from all visible follicles using an 18-gauge needle (Terumo, China) attached to a 10-mL disposable plastic syringe (Steriopack Disposable Syringe; Opso Saline, Bangladesh). The retrieved follicular fluid was then transferred to a 60 mm Petri dish (Greiner Bio-One, Germany) and diluted with TL-HEPES, after which the samples were examined for cumulus-oocyte complexes (COCs) under a stereomicroscope (MZ6; Leica Microsystems, Germany). The TL-HEPES was prepared according to Sirard et al. \[[@B44]\]. The COCs were washed three times in fresh TL-HEPES and once in maturation medium prior to being placed into maturation drops.

*In vitro* maturation of oocytes
--------------------------------

The basic medium for oocytes maturation was tissue culture medium-199 (TCM-199, Earle\'s salt with L-glutamine and sodium bicarbonate; Invitrogen, USA). On the day of maturation, TCM-199 was supplemented with 0.25 mM sodium pyruvate, 10% (v/v) fetal bovine serum (Invitrogen, USA), 0.05 µg/mL bovine follicle stimulating hormone (FSH; Sioux Biochemical, USA), 5 µg/mL luteinizing hormone (LH; Soiux Biochemical, USA), 1 µg/mL estradiol and 50 µg/mL gentamycin. Next, 50 µL droplets of maturation medium were prepared in a 35 mm Petri dish (Greiner Bio-One, Germany) and covered with mineral oil. Ten to fifteen oocytes were then placed in each drop and cultured in the incubator at 39℃ under 5% CO~2~ in humidified air for 27 h.

*In vitro* fertilization
------------------------

Frozen semen from five bucks obtained from the BRAC Bull and Buck Station (Sombugunj, Mymensingh, Bangladesh) was used for IVF. One straw (0.25 mL straw, 120 × 10^6^ sperm / straw) from each batch was thawed at 37℃ for 30 sec. The thawed semen was layered onto a discontinuous Percoll gradient column in a 15 mL centrifuge tube (bottom layer 2 mL 90% and top layer 2 mL 45%). The tube was then centrifuged at 1,500 rpm for 10 min in a centrifuge (Centra-CL2; International Equipment, USA), and the supernatant was discarded after leaving 100\~200 µL of the sperm pellet. The sperm concentration in the pellet was determined using a hemocytometer and then adjusted to 80 × 10^6^/mL with capacitation-Tyrode\'s albumin lactate pyruvate (CAP- TALP) supplemented with fatty acid free BSA (6 mg/mL). The diluted semen was then mixed with CAP-TALP (1:1, v/v) containing 20 µg/mL heparin and 400 nM ionomycin (final concentrations in the IVF droplet = 10 µg/mL heparin and 200 nM ionomycin) and incubated for 15 min at 39℃ under 5% CO~2~ in a humidified air atmosphere.

In the swim-up method, 500 µL of semen were layered below 1 mL of CAP-TALP and then incubated at 39℃ for 60 min in a humidified air atmosphere under 5% CO~2~. Following incubation, 800 µL of the supernatant was recovered and centrifuged at 1,500 rpm for 10 min three times, with 700 µL of supernatant being discarded and replaced with 700 µL CAP-TALP after each round. The sperm concentration in the pellet was determined using a hemocytometer and adjusted to 80 × 10~6~/mL with CAP-TALP. The diluted semen was then mixed with CAP-TALP (1:1, v/v) containing 20 µg/mL heparin and 400 nM ionomycin at final concentrations of 10 µg/mL and 200 nM ionomycin, respectively, after which the samples were incubated for 15 min at 39℃ under 5% CO~2~ in a humidified air atmosphere.

IVF-TALP was used for sperm-oocytes co-incubation. Four to five droplets (38 µL) of IVF-TALP were prepared in a 35 mm Petri dish, covered with mineral oil and allowed to equilibrate in the incubator for 1 h before sperm-oocytes co-incubation. After 27 h of maturation, the expanded COCs were removed from the IVM droplets, washed three times in washing TALP and then once in IVF-TALP. Next, five COCs in 5 µL IVF-TALP were transferred to each droplet of IVF-TALP, after which 2 µL penicillamine, hypotaurine and epinephrine (PHE; 20 µM D-penicillamine, 10 µM hypotaurine, and 1 µM epinephrine) and 5 µL capacitated sperm suspension were added to each fertilization droplet. Spermatozoa and COCs were co- incubated for 18 h at 39℃ under 5% CO~2~ in a humidified air atmosphere.

Staining and examination of oocytes nuclei
------------------------------------------

Upon aspiration from the follicles, oocytes were recovered and denuded using 3% sodium citrate solution \[[@B36]\]. Conversely, *in vitro* matured oocytes were placed in 1.5 mL eppendorf tubes with minimum TL-HEPES and denuded by vortexing for 3 min. One drop of TL-HEPES was then placed on separate clean dry glass slides for each group of denuded oocytes. The oocytes were then picked up (5\~10 oocytes) by a mouth controlled pipette and kept in the drops. The drops were then covered with a clear glass cover slip (18 × 18 mm) after making a rail with a paraffin and Vaseline mixture. Next, the slides were submersed in acid-alcohol (acetic acid:ethanol = 1:3) overnight to fix the oocytes. On the day of evaluation, the oocytes were washed with 70% ethanol and then stained with 1% orcein for 10 min. The oocytes were subsequently cleaned with aceto-glycerol (glycerol:acetic acid:water = 1:1:3) and sealed with clear finger nail polish and examined under a differential interference contrast microscope (BX-51; Olympus, Japan).

Experimental design
-------------------

In experiment 1, the oocytes retrieval efficiency from prepubertal and pubertal black Bengal goat ovaries was determined. The goats were classified as prepubertal or pubertal based on the absence or presence of corpus luteum, hemorrhagicum or albicans on either of the ovaries \[[@B3]\]. Before aspiration, all visible follicles on the ovaries of each goat were counted. Following aspiration of the follicular fluid, the number of COCs recovered from each goat was counted and the oocytes retrieval efficiency was calculated.

In experiment 2, the stages of oocyte nuclei upon aspiration (immature oocytes) with respect to prepubertal and pubertal goats were determined by nuclear staining. By observing nuclear stages, the nuclei were classified into germinal vesicle (GV), GV breakdown (GVBD), metaphase I (M I) and anaphase I-telophase I (AI-TI) stages.

In experiment 3, the metaphase II (M II) rate of oocytes was evaluated based on examination of the nuclei after staining at 27 h post-IVM. Oocytes containing M II nuclei with the 1st polar body were regarded as mature oocytes.

In experiment 4, the IVF rate of pubertal goat oocytes was evaluated by examination of the pronuclei formation after staining at 18 h post-insemination with respect to two sperm preparation procedures (Percoll separation *vs.* swim-up). The 18 h post-insemination oocytes were then classified as fertilized normally, fertilized by more than one spermatozoa or activated oocytes on the basis of the presence of two pronuclei, more than two pronuclei or one pronucleus, respectively.

In experiment 5, the IVF rate of the goats of pubertal oocytes were examined on the basis of two sperm capacitation methods (heparin *vs.* heparin + ionomycin) using techniques similar to those employed in experiment 4.

Statistical analysis
--------------------

All values were expressed as the mean ± SD. Differences between parameters were evaluated by a student\'s unpaired *t*-test. All statistical analyses were conducted using SPSS (SPSS, USA). The difference between parameters was regarded as significant when the *p* value was less than 0.05.

Results
=======

Experiment 1
------------

The number of oocytes retrieved from each prepubertal and pubertal goat was 5.2 ± 0.6 and 6.8 ± 0.6, respectively ([Table 1](#T1){ref-type="table"}). Among 62 ovaries from 31 prepubertal goats, 207 follicles were aspirated and 160 COCs were retrieved, giving an oocyte retrieval efficiency of 77.3 ± 0.1%. In contrast, 517 follicles were aspirated and 416 COCs were retrieved from 122 ovaries of 61 pubertal goats, giving an oocyte retrieval efficiency of 80.5 ± 0.5%.

Experiment 2
------------

The results of the nuclear status of oocytes at the time of collection are presented in [Table 2](#T2){ref-type="table"}. The percentages of oocytes at GV stages did not different between prepubertal and pubertal goats (63.6 ± 1.6 *vs.* 63.9 ± 1.2). Similarly, the percentages of GVBD in the two groups did not differ significantly (23.6 ± 1.1 *vs.* 27.7 ± 1.0, *p* \> 0.05). GV with a clear nuclear membrane and GVBD without a nuclear membrane are shown in [Figs. 1A and B](#F1){ref-type="fig"}, respectively. The percentages of M I were 5.5 ± 1.0 and 5.8 ± 1.2, whereas the percentages of AI-TI were 7.3 ± 0.8 and 2.6 ± 0.2 in prepubertal and pubertal goats, respectively. The percentages of AI-TI oocytes in the two groups of goats differed significantly (*p* \< 0.05).

Experiment 3
------------

The rates of IVM are presented in [Table 3](#T3){ref-type="table"}. The percentage of mature oocytes was 60.3 ± 2.6 and 66.3 ± 8.4 in prepubertal and pubertal goats, respectively (*p* \< 0.05). In contrast, the percentage of oocytes in the AI-TI/MI stage in pubertal goats was higher (19.5 ± 3.1 *vs.* 15.5 ± 0.6) than that of the prepubertal goat group, but this difference was not significant (*p* \> 0.05). Although no significant differences were observed in the percentage of GV (5.0 ± 1.3 *vs.* 6.9 ± 1.5, *p* \> 0.05) in pubertal and prepubertal goats, a significantly lower percentage of GVBD (9.3 ± 1.9 *vs.* 17.2 ± 0.5, *p* \< 0.05) was observed in the pubertal goats than in their prepubertal counterparts. An *in vitro* matured oocyte with a polar body and M II stage chromosome is shown in [Fig. 2A](#F2){ref-type="fig"}.

Experiment 4
------------

The rates of IVF following Percoll and swim-up separation of spermatozoa are shown in the [Table 4](#T4){ref-type="table"}. The rates of single pronucleus formation (46.9 ± 1.5 *vs.* 45.5 ± 1.3%), normal fertilization with two pronuclei (36.7 ± 0.9 *vs.* 32.7 ± 1.3%) and polyspermic fertilization (16.3 ± 0.9% *vs.* 21.8 ± 0.8%) did not differ significantly between the two sperm separation methods (Percoll *vs.* swim-up). Normally fertilized oocytes, oocytes with one pronucleus and polyspermic fertilization are shown in [Figs. 2B-D](#F2){ref-type="fig"}, respectively.

Experiment 5
------------

The effects of sperm capacitation agents on the IVF rates of oocytes derived from pubertal goats are shown in [Table 5](#T5){ref-type="table"}. The rates of one pronucleus formation (47.2 ± 2.9 *vs.* 49.4 ± 2.4%), normal fertilization (34.8 ± 1.7 *vs.* 32.2 ± 1.5%) and polyspermic fertilization (18.0 ± 1.5 *vs.* 18.4 ± 0.7%) did not differ significantly (*p* \> 0.05) between two sperm treatment agents (heparin *vs.* heparin + ionomycin).

Discussion
==========

The oocyte retrieval efficiency, *in vitro* development ability and IVF potential must be considered before *in vitro* embryo production, transfer to the recipient and / or transgenesis can be conducted. In addition, reproductive status, for instance prepubertal and pubertal state of the donors, influences the efficiency of ART. This study demonstrated that more oocytes with higher IVM rates can be recovered from pubertal black Bengal goats than from their prepubertal counterparts. Due to fewer ovary and oocytes being obtained from prepubertal goats, we could not compare the fertilization rates between groups.

In this experiment, the COCs retrieval efficiency in prepubertal and pubertal goats was greater than 77% and 80%, respectively. Our oocyte recovery rate was much higher than that of other studies, which range from 33\~90% \[[@B2],[@B14],[@B41]\]. The number of oocytes recovered from each group was also relatively high in the present study, being 5.2 in prepubertal and 6.8 in pubertal goats. Indeed, Islam et al. \[[@B18]\] only recovered 1.9 COCs from each ovary in the same breed of goat. The discrepancies in oocyte retrieval efficiency and number of oocytes recovered per goat might be due to individual variations, procedures of aspiration \[[@B22]\], seasonal variation \[[@B8]\], body weight and goats reared in the presence of bucks \[[@B50]\] as well as the quality of the follicles \[[@B19]\] present in the ovaries collected at slaughter. Judging the morphological features of oocytes is the most important criteria when selecting COCs before IVM. In this study, we assessed the morphological features of oocytes upon aspiration from the follicles and following IVM using 1% orcein. In immature oocytes, the proportion of GV was almost same in both prepubertal (63.6%) and pubertal (63.9%) goats, which indicates that these oocytes would be useful for IVM. Moreover, the lower proportion of AI-TI stage oocytes found in pubertal goat oocytes (2.6%) than prepubertal goat oocytes (7.3%) may indicate that pubertal goat oocytes would be useful for IVM. It has been shown that nuclear maturation occurs more rapidly *in vitro* than *in vivo* \[[@B24]\]. It is obvious that chromosome condensation starts with the occurrence of GVBD. In live cows, GVBD has been shown to occur 4\~6 h after preovulatory LH peaks \[[@B25]\], while in superovulated cows, it has been shown to occur 6\~12 h after the start of maturation \[[@B55]\]. Therefore, it is speculated that GV or GVBD stage immature oocytes are more competent for IVM. Because, the immature oocytes, those are already in AI or TI stage may be termed as secondary oocytes and these oocytes are proceeding to second meiotic division \[[@B15]\] which should be expected during IVM condition. Since, immature oocytes with multilayered compact cumulus investment showed better developmental competence in IVM and subsequent fertilization and development to the morula and blastocyst stages \[[@B7],[@B23]\], pubertal goat oocytes with lower AI-TI levels might be more competent for IVM.

Based on the above findings, we proceeded with IVM to validate our results. After IVM, we found higher percentages (66.3%) of M II stage oocytes in the pubertal goat group than the prepubertal group (60.3%). Furthermore, the percentage of AI-TI/M I stage oocytes was also higher (19.5%) in pubertal than prepubertal group goats (15.5%). It is said that the presence of AI-TI stages of oocytes are also an indication of maturity toward the M II stage \[[@B10],[@B11]\]. Importantly, the percentages of both GV and GVBD after IVM were higher (6.9% and 17.2%, respectively) in prepubertal goats than pubertal goats (5.0% and 9.3%, respectively). These findings indicate that the oocytes recovered from prepubertal goats are less competent for IVM. Our oocyte maturation rate (66.3%) was somewhat lower when compared with the results of other studies (71.4 to 81.4%) \[[@B1],[@B19]\]. These variations might be due to breed and / or seasonal variations \[[@B8]\] or to the culture environment \[[@B16],[@B17]\]. Furthermore, IVM of oocytes is influenced by the supplementation of gonadotrophins in TCM-199 medium. Specifically, LH alone failed to improve the oocyte maturation; however, the addition of FSH and oestradiol increased the proportion of matured oocytes \[[@B48]\]. In the present study, we supplemented the medium with both FSH and LH. However, gonadotrophins and other chemicals and / or reagents differ from batch to batch; therefore, additional studies should be conducted using various batches of these chemicals.

In the present study, we showed that oocytes collected from pubertal goats were more competent for IVF due to their higher IVM rate. Moreover, there are reports that oocytes from prepubertal goats show higher percentages of polyspermic fertilization and lack of sperm head decondensation up to the male pronucleus stage \[[@B36]\], low percentage of blastocysts formation \[[@B19]\] and production of high percentages of haploid embryos \[[@B51]\]. The sperm separation method has a great influence on IVF, cleavage and embryo development. In bovines, the Percoll separation method produced better results for selecting spermatozoa and enhanced capacity for embryo production than that of swim-up separation \[[@B6]\]. Somfai et al. \[[@B45]\] obtained a sperm population with a higher viability and acrosome integrity by Percoll separation than that of the swim-up method. In pubertal goats, Percoll density-gradient centrifugation was found to be superior to the swim-up and glass-wool methods for separating spermatozoa from frozen-thawed semen for IVF \[[@B43]\]. The results of the present study were in agreement with the above findings, although the difference in fertilization rate was not significant. Importantly, we found less polyspermic fertilization in the Percoll gradient sperm separation group than in the swim-up separation group. However, separation of sperm from frozen and thawed buffalo semen by the swim-up method showed better results in IVF in buffalo \[[@B34]\]. In this study, our normal fertilization rate was about 37%, which was somewhat lower than that observed in other studies \[[@B21],[@B36]\]. To improve the fertilization rate, we added the sperm capacitating agent ionomycin to the fertilization medium along with heparin since an increased fertilization rate was observed in response to the addition of ionomycin in goats \[[@B52]\]. However, we did not find a significantly higher fertilization rate using the same doses of ionomycin as described by Wang et al. \[[@B52]\]. The decreased percentage of sperm penetration to oocytes could have been due to the use of PHE in the fertilization droplets, or to the fact that the concentrations of PHE used were not appropriate in goats \[[@B35]\]. In cattle, some research groups \[[@B35],[@B46]\] obtained higher percentages of cleavage when PHE was present in the fertilization drops, while others \[[@B30],[@B31]\] found that it had no effect. Thus, evaluating sperm for defects that cannot be compensated for in black Bengal goats such as DNA damage and sperm DNA-chromatin packaging should be conducted in future studies.

Although reports have already been published regarding the developmental potential of prepubertal goat oocytes when compared with adult goat oocytes, to the best of our knowledge, the present study of black Bengal goats is the first of its nature in Bangladesh. Due to indiscriminate breeding, the black Bengal goat has already lost its genetic merit and fertility. However, ART might enable rapid propagation of black Bengal goats within the shortest possible time. Before starting the routine use of ART, it is necessary to determine the nuclear status and IVM rate of black Bengal goat oocytes collected from slaughterhouses under Bangladesh climate conditions. The results presented here represent a first step toward the use of ART in black Bengal goats.

In conclusion, pubertal black Bengal goat ovaries obtained at a slaughter showed better rates of oocyte recovery and IVM. In addition, the Percoll gradient sperm separation technique may be more expedient than the swim-up method for IVF in pubertal black Bengal goats. However, further optimization of IVM is needed to increase the maturation rate, which, in turn, would facilitate routine use of IVM oocytes for IVF in Bangladesh.

The authors thank the Mymensingh slaughterhouse authority for permitting collection of the goat ovaries. This study was supported by USDA Grant No. BG-ARS-121.

![Immature oocyte. (A) Germinal vesicle stage. (B) Germinal vesicle breakdown stage. 1% orcein stain and differential interference contrast (DIC) microscopy. ×400.](jvs-12-75-g001){#F1}

![(A) An *in vitro* matured oocyte with a polar body (black arrow) and metaphase II stage chromosomes (white arrow). (B) Normally fertilized oocyte. (C) Oocytes with one pronucle. (D) Polyspermic fertilization. 1% orcein stain and DIC microscopy, ×400.](jvs-12-75-g002){#F2}
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Oocyte recovery from black Bengal goats with respect to reproductive status
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^a,b^Values within the same column did not differ significantly (*p* \> 0.05). COCs: cumulus-oocyte complexes. Data represent mean ± SD.
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Nuclear status of immature oocytes of black Bengal goats with respect to reproductive status
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^a,b^Values within the same column differed significantly (*p* \< 0.05). GV: germinal vesicle; GVBD: germinal vesicle breakdown; M I: metaphase I; AI-TI: anaphase I-telophase I. Data represent mean ± SD.
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*In vitro* maturation rate of COCs of black Bengal goats with respect to reproductive status
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^a,b^Values within the same column differed significantly (*p* \< 0.05). M II: metaphase II. Data represent mean ± SD
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The effects of methods of sperm preparation on fertilization rates of pubertal black Bengal goat oocytes
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The values did not differ significantly between groups. Data represent mean ± SD (n).
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The effects of sperm capacitation agents on fertilization rate of pubertal goat oocytes
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The values did not differ significantly between groups. Data represent mean ± SD (n).
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